This paper is directed towards robust state estimation using high-gain approach, in particular EHGO. The basic concept of EHGO is to estimate the derivative of a signal and at the same time quantified the noise in the signal through some gain ratios [7] .
INTRODUCTION
Providing accurate state estimation is important in controlled system. This is especially for the case of systems whose states are difficult or impossible to measure or require expensive sensors. In addition, in the case of small size unmanned aerial vehicle (UAV) flight, it is not suitable to add sensors to measure all states due to restricted payload. From another angle, making sure that all states measurement to be available and in good quality signal that is noise-free is important for the successful and reliable implementation of controller algorithm.
There are several approaches to estimate the unmeasured states in the nonlinear system. The approach based on extension of Leunberger observer [1] and Kalman filter [2] is popular because it is simple and easily applicable even for complex nonlinear system. However, the effectiveness of this method is limited to a small linear operating range. Meanwhile, there are other state estimation technique reported which involves complex gain formulas and solving LMI or partial differential equations [3] [4] . On the other hand, a more robust state estimation based on the design of robust observers has been carried out in two directions, i.e. using high-gain [5] or sliding mode method [6] . where x = (x1,x2) , x1 is the position and x2 is the velocity, u is the control signal and y is the measured output. In this system (1), only position state is measured.
The state feedback stabilizing controller is represented by the control signal u in system (1) . Generally, the algorithm of state feedback stabilizing controller will need the state position and velocity information to produce the feedback control. Henceforth, it is represented by a control function consisting the states, as follows:
However, the state velocity is not available for feedback to the controller for the system model (1). Due to that, the unknown state velocity needs to be estimated before the state feedback stabilizing controller can be implemented. Installing additional sensor to measure velocity is impractical and high-cost. Moreover, UAV system is a small and compact aerial vehicle flying in the atmospheric environment. Therefore,payload limitation will be another concern. Therefore, an alternative solution is to estimate the unmeasured states through observer design.
The unknown states estimated by the Extended High-Gain Observer (EHGO) from [12] is designed, and it is expressed as follows : (2) From the EHGO (2), the term x2e is the estimate of x2 and x3e represents the estimates of the differentiated velocity x2. In the actual system, x3e is showing the estimated dynamic of the system (1). The value of α1,α2,α3 are the set of polynomials, which is chosen such that the polynomials (3) is Hurwitz. The EHGO (2) is in a continuous-form with the states are in a continuous-time signal. In the implementation, the EHGO (2) has to be transformed into digital-form. The procedure of the transformation is described next, following the classical procedure in [13] .
A new state variable in discreet-time signal q = [q1,q2,q3] is defined as:
The discreet-time variables (4) are differentiated and then combined with (2) . As a result, the digital form of EHGO rearranged in the state-space form is obtained as follows:
The matrix A,B,C and D of the digital-form of EHGO (5) and (6) Meanwhile, the reconversion from digital to continuous form is obtained through this expression:
III. RESULTS AND DISCUSSIONS

A. Indoor Flight Test and UAV Platform
The Optritrack real-time tracking system is commonly used as a positioning system in ground vehicles and aerial robotic vehicles [14] . Optitrack is known as an alternative low-cost device solution similar to Vicon [13] . Due to its low cost, its signal quality is lower. Therefore, when using Optitrack, signal filtering is explicitly added to produce a good-quality noise-free signal. The position information generated by Optitrack is processed to generate higher-order state variables, which are then fedback to the controller to drive the system autonomously.
The indoor space platform comprises a UAV, a pair of XBee wireless routers, a ground PC station, and an Optitrack motion tracking system with 16 units of Optitrack cameras mounted at every corner at the top wall of the indoor space. The Optitrack camera continuously tracks the vehicle position, the data of which is then wirelessly transmitted to the ground station using Xbee routers at a frequency of 20 Hz. The ground station consists of a PC that runs on a Windows Operating System, and utilizing GUI-based terminal software developed by Microsoft Visual Studio as the integrated development environment.
The position ξ1 and attitude η1 of the UAV are measured using the Optitrack camera and transmitted to the ground PC station for estimation and control action. EHGO (5)-(6), which is coded inside the ground PC, accepts the real-time measured data; hence producing the estimated velocity and differentiated velocity. These estimated terms are used to implement the controller u = γ (x1, x2). A block diagram of the UAV monitoring system is illustrated in Figure 1 . 
B. Standard Approach
In the Standard approach, the velocity states are obtained based on numerical differentiation. A filtering method based on the Kalman filter is usually used to remove large derivatives resulting from this numerical differentiation. In addition, position measurement via Optitrack is highly susceptible to noise due to the wireless transmission; hence a Kalman filter is applied.
A smooth velocity signal is obtained after several filtering and differentiating procedures, which are subsequently used in the control u = γ (x1, x2) to drive the quadrotor model (1). The rate of change of position and the rate of change of velocity are based on the numerical differentiation expressed in (8):
Where j = 1, 2. The overall structure of the real-time estimators using the Standard practice and EHGO is illustrated in Figure 2 . The state xr is the noisy position data measured by the Optritrack camera positioning system. A Kalman filter is used to remove the noisy signal and obtain real position data. The output from the Kalman filter x1(t) will be the information used in the positioning system. In a UAV system, this is typically known as the ground truth signal. This signal will be input into the EHGO to estimate x1e(t), x2e(t), and x3e(t). Similarly, the signal is used to obtain x2(t) and x3(t) in the Standard approach currently implemented in [16] [17] .
EHGO parameters are set as the following: ε = 0.01, Ts = 0.01 s, α1 = 9, α2 = 9, α3 = 3. The sampling time is chosen based on the frequency of the motion tracking system, which is 100 Hz. 
C. Validation
As the quadrotor vehicle is moved by hand, the Optitrack tracking system starts to measure the vehicle position. The output produced by EHGO based on the position input from Optitrack is shown in Figure 3 . The three graphs depicted in Figure 3 outline the position, velocity, and differentiated velocity generated by EHGO and the Standard approach.
In the first graph of Figure 3 , the EHGO-estimated position x1e (t) shows a similar response to that of the filtered position signal x1(t). The gain is k1=1. This concludes that the gain 1/ε = 1/0.01 is sufficient to estimate the dynamics of the quadrotor model expressed in (1). A previous study has shown that insufficient gain will lead to position error between the measured position and EHGO-estimated position, presented in [18] . Meanwhile, the second graph of Figure 3 shows indistinguishable results between the velocity estimated by EHGO, x2e(t), from the Standard practice, x2(t). The result is obtained as the gain is tuned to k2 = 1.3.
The third graph of Figure 3 is the result of differentiated velocity. It is observed that the differentiated velocity x3(t) generated from the Standard approach does not show the same response to that of the signal x3e(t) generated by EHGO. However, the signal x3e(t) estimated by EHGO shows similar response shape as the estimated velocity x2e(t) in the second graph of Fig .3 , albeit with a larger magnitude of to the power of 10 2 . This result is consistent with the observer theory [12] . This finding shows that the transformation procedure of the extended term x3e(t), from continuous to digital form presented in Section II is acceptable. The procedure to determine the digital-form of HGO was presented in [13] . This paper extends this procedure to include the extended term of HGO. The differentiated velocity obtained from the Standard approach does not represent the actual dynamics. This might be due to the insufficient tuning of the Kalman filter.
Finally, the EHGO-estimated velocity x2e(t) is used in the feedback stabilizing controller u = γ (x1,x2) in system (1), replacing x2. Figure 1 shows the quadrotor UAV during hovering. The quadrotor is initially at position (xd,yd,zd) = (0,0,0). At time = 2 s, the quadrotor takes off vertically and hovers at a certain altitude level. The new position is (xd,yd,zd) = (0,0,0.8). Next, the quadrotor is set to move to a new position in the x-axis at time = 4 s, i.e. (xd,yd,zd) = (1,0,0.8) . The new desired position in the x-axis and y-axis is set from remote control on the ground. Figure 5 and Figure 6 show the position and attitude of the quadrotor UAV during the trajectory, whereas Figure 7 shows the estimated velocity signal x2e(t) used in the feedback controller.
In Figure 5 , the motion trajectory in the three dimensional x-,y-, and z-axes are shown. The controller u = γ (x1, x2e(t)) drives the vehicle to the desired position and hovers stably at the new position with a position error of less than 0.2 m.The performance trajectory in the x-axis is compared between two observer gains 1/ε :100 and 50.
The controller performance for observer gain 1/ε = 50 shows poor trajectory and the hovering performance is sluggish. Physically, the quadrotor vehicle was observed to oscillate throughout. This motion is undesirable. The controller was unable to drive the quadrotor to the desired position due to the gain, which is too small. Comparatively, the observer gain 1/ε = 100 is sufficiently high to achieve the control performance It has been reported in the previous work that insufficient gain will lead to position error between the measured position and EHGO-estimated position [18] .
The importance of a good estimated velocity is highlighted in this result. The observer gain 1/ε =100 is sufficiently high to yield good state estimation to ensure that the controller performs well. Since the observer gain is low, 1/ε = 50 in this case, the EHGO-estimated velocity has errors that consequently affect the controller performance.
Meanwhile, Figure 6 shows the attitude, i.e. φ,θ,ψ of the quadrotor during the translational trajectory in the x-,y-, and z-axes.
The controller stabilizes the altitude within a small deviation range during hovering. Although the roll angle attitude φ overshoots to ± 8º every time a step changes in the x-axis, it settles fast wihin a 1 s transient period to a deviation range Δφ= In the results of Figure 5 and Figure 6 , the height control is performed manually by the operator on the ground. The vehicle hovers at the height of 0.8 m with an error of 0.2 m.
In Figure 7 , the velocity signal estimated by EHGO and via the Standard approach for the gains ε : 0.01 and 0.02 is shown. In Figure 7 (a), the velocity estimated by EHGO for setting ε = 0.01 shows similar performance to that of the Standard approach. However, as ε = 0.02, a large error is observed between the EHGO-estimated results and the Standard approach results, as shown in Figure 7 (b).
I.
CONCLUSION
The procedure for implementing the Extended High-Gain Observer (EHGO) technique to estimate unknown states in an Unmanned Aerial Vehicle (UAV) control using a low-cost Optitrack motion tracking system is presented. The EHGO performance in estimating the velocity and differentiated velocity from the real-time position signal is shown through open-loop and closed-loop flight tests. In the Standard approach, the signal has to pass through a Kalman filter to remove large amounts of noise prior to differentiating the signal. However, in EHGO, the algorithm works to both differentiate the signal and filter the noise. The aim is to estimate the velocity and differentiated velocity with a similar performance to that of the Standard approach. EHGO has the advantage in terms of a small number of tuning parameters. The experimental flight test shows the capability of EHGO in providing good estimation results, which contribute to the desired controller performance. 
